Abstract. Screening mammography is the most effective tool available for breast cancer detection. While screening mammography saves lives, it has intrinsic problems that limit further improvement. We hypothesize that protein biomarkers in nipple aspirate fluid (NAF) may separate the cancer from the non-cancer state, and therefore can be used for breast cancer detection. In this study the proteins in NAF were analyzed by surface-enhanced laser desorption ionization coupled to time-of-flight mass spectrometry (SELDI-TOF) in the m/z 5,000-85,000 range. Two methods were used to normalize spectra. Then differentially expressed signals that separate cancer from non-cancer conditions were selected by two specifically developed statistical algorithms. Proteins of interest were identified by combined liquid chromatographytandem mass spectrometry. A set of 8 markers were identified which collectively gave 63% sensitivity, 89% specificity and 76% accuracy for distinguishing cancer from non-cancer. Further improvements in the specificity and sensitivity of this strategy could come from the development of methods for more precise quantification of the biomarkers of interest and also from focusing on the low abundant components that are not evident when unfractionated NAF is analyzed directly.
Introduction
Despite advances, current treatment remains largely ineffective for late-stage breast cancer. In contrast, the same treatment is successful for early-stage breast cancer (1) . Mammography has been shown to be the most effective screening tool for finding breast cancer early and for saving lives. However, mammography has intrinsic limitations that may be difficult to overcome. For example, mammography is ineffective for evaluating dense breasts, and is only marginally useful in young women (2) . Biomarker-based laboratory tests may be complementary to the conventional screening methods for early detection of breast cancer. Discovering biomarkers characteristic of breast cancer in body fluid by proteomic technology has become a research focus in recent years.
NAF, first introduced for clinical purposes by Papanicolaou in 1958, contains ductal secretion, cells and cellular contents of the breast ductal-lobular system (3) . Although NAF is traditionally used for cytological assessments (4) (5) (6) , it can also be used to study protein expression patterns by proteomic technologies.
Of the available proteomic techniques, matrix-assisted laser desorption ionization (MALDI), combined liquid chromatography-mass spectrometry (LC/MS) and combined liquid chromatography-tandem mass spectrometry (LC/MS/ MS) have generated interest for both displaying a panel of proteins and/or for their identification. These relatively new techniques are now being used to discover biomarkers. A related technology, surface-enhanced laser desorption ionization (SELDI) mass spectrometry, used in conjunction with time-of-flight mass spectrometry (TOF), is also used to display protein profiles (7) (8) (9) (10) . An important feature of SELDI-TOF is the unique surface on which the biological sample is captured. These surfaces (so-called ProteinChips ® ) are covalently modified with one of a number of functionalities. The different types of surfaces include anion and cation exchange (for retaining negatively and positively charged analytes, respectively), metal affinity (for capturing His-tagged proteins, for example), reverse phase (immobilized hydrophobic surface) and normal phase (immobilized hydrophilic surface). The functionalized surfaces are used to capture specific classes of analytes (proteins) and to concentrate them from impure extracts. This process of selectively concentrating desired proteins and peptides circumvents many of the unwieldy steps used in traditional protein analysis (11, 12) .
A goal of proteomics in cancer research is to perform qualitative and quantitative analysis of all the proteins expressed in body fluids or in tissues. Comparisons made between samples collected from patients with cancer and samples from cancer-free control subjects may reveal unique proteins or changing levels of specific proteins characteristic of the disease. Analysis of the resulting spectra by different types of univariate bioinformatic algorithms, such as peak alignment/clustering, mean/median profile comparisons and multivariate algorithms such as logistic regression, classification trees, neural nets, genetic algorithms, and random forest algorithms (13) , enables the application of proteomic data sets to cancer diagnosis. Although they work in different ways, all these algorithms can be used to earmark signals that may be useful for segregating cancer from non-cancer states.
We hypothesize that protein biomarkers existing in NAF may distinguish cancer from the non-cancer state. In the present study, we focus on the comparison of SELDI-TOF spectra of two groups: NAF derived from non-cancerous breasts versus from those with invasive tumor. Two normalization methods, total ion current (TIC) and area under the curve (AUC) are used under the assumption that the peak intensities are quantifiable. We also developed two statistical analysis algorithms for comparing the spectra from the two groups of samples: repeated measure median profile comparison using non-parametric methods and alignment/cluster analysis using the spectral signals.
Materials and methods
Chemicals and reagents. Bovine cytochrome C, myoglobin, and serum albumin (BSA) were obtained from Michrom Biosources (Auburn, CA). Acetonitrile, isopropanol, formic and acetic acids were obtained from Fisher Scientific (Pittsburgh, PA). Sinapinic acid and trifluoroacetic acid were obtained from Sigma-Aldrich (St. Louis, MO). Quartz distilled water (>16 møcm -1 ) was produced in-house, and all other reagents and solvents were of analytical grade or better.
Collection of NAF.
Fluid was obtained from women who consented to a biomarker discovery study approved by the UCLA Institutional Review Board. Upon collection on ice, each NAF sample was divided into aliquots (1 μl) and stored at -80˚C. From women with no known cancer, one breast was sampled from 30 individuals and both breasts were sampled from 8 individuals. From women with invasive breast cancer, one cancerous breast was sampled from 21 individuals and both breasts were sampled (one with no cancer and the other with invasive cancer) from 17 individuals. In total, the study includes analysis of 101 samples from 76 different women, including 63 samples from non-cancerous breasts and 38 samples from breasts with invasive cancer. Patients who previously had cancer removed by surgery were excluded. The data analysis is confined to a comparison of NAF from cancerous and non-cancerous breasts.
SELDI-TOF. NAF was diluted 1:100 in distilled water. One μl of the diluted sample was applied to the wells on NP20 ProteinChips with 1 μl of matrix consisting of saturated solution of sinapinic acid in 70% acetonitrile containing 0.1% trifluoroacetic acid. The SELDI-TOF analysis was performed without washing the spots. Positive ion laser desorption mass spectra were recorded from each dried surface with a linear time-of-flight mass spectrometer (TOF, Protein Biological System II, Ciphergen Biosystems, Inc.), externally calibrated with bovine cytochrome C (12,230.9 Da) and bovine albumin (66,410 Da) by averaging the spectra from 91 laser shots using a constant laser intensity, a deflector setting of 3,000 Da, a constant detector sensitivity and a detection range of 5,000-100,000 Da. The raw data were transferred to the Ciphergen Express Data Manager Software version 3.1 for analysis.
Normalization of the mass spectra. This was performed after subtracting any non-constant baseline using the convex hull algorithm provided by the Ciphergen software (Protein Chip ® Software 3.1-Operation Manual 2002, Ciphergen). Two commonly used normalization methods were applied to each spectrum: i) normalization by dividing each signal intensity in the spectrum by the area under the entire spectrum (area under the curve, AUC), and ii) normalization by multiplying each signal intensity by the ratio of the mean intensity (total ion current, TIC) across all spectra divided by the individual mean spectrum intensity. Spectral analyses were limited to the m/z range 5,000-85,000. There are other normalization methods available. In particular, a method often used is internal normalization of each spectrum by dividing each signal intensity by the maximum intensity in the spectrum. This method was not selected because the m/z value at which each maximum occurred varied widely from spectrum to spectrum, implying that this was not a uniform criterion.
Screening analyses. Two different screening methods, median intensity profile and peak cluster/alignment, were performed on the normalized spectra, and the combined results were used to establish a set of potential markers. The median intensity profile method is a non-parametric repeated measure analysis comparing median intensities in one group (cancer) to another group (non-cancer) across pre-determined bins. This method used all signal intensities across the entire m/z range and does not rely on peak identification. Medians were computed bin by bin across all spectra in the same group and compared between the two groups bin by bin as defined below. The bins were formed by first aligning and then sorting the spectra by m/z, and assigning the first 100 observations to the first bin, the next 100 observations to the second bin etc. Since there is a constant sample size of 100 observations per bin per spectrum, the m/z bin width increases as m/z increases, reflecting the decreasing precision in the data with increasing m/z. The bin width in this study ranged from m/z 7-27, making the bin width <0.2% of the average m/z value in the bin.
The peak cluster/alignment method used only the peaks from each spectrum. Peaks were first identified using the Ciphergen Protein Chip software (Protein Chip Software 3.1-Operation Manual 2002, Ciphergen) at default settings. For each spectrum, the peak intensities and corresponding m/z values were identified and stored. Then a hierarchical clustering of the m/z values was carried out to align peaks from different spectra. Peaks assigned to the same cluster were assumed to have the same true m/z value, differing only because of random error. In this analysis, m/z values that differed by <2% were usually assigned to the same cluster and clusters that did not contain peaks from at least 10% (10/101) of the spectra were omitted. Spectra that did not have a peak in a given cluster were included using their (usually low) observed intensity. After alignment, the median intensities were compared between groups (cancer versus non-cancer), cluster by cluster and expressed as median percent differences and ratios as below.
Screening criteria. For both methods, if A is the median intensity in one group (cancer) and B is the median intensity in the other group (non-cancer), the median difference is A-B, the median percent difference is defined as 100 x (A-B)/[(A+B)/2] and the median ratio is A/B. The non-parametric Wilcoxon's rank sum test was used to compute a p-value for comparisons at each bin or cluster. For either screening method, an m/z value was flagged as a potential marker if: a) the median ratio A/B was <0.8 or >1.2, or b) the median percent difference was >25% in either direction, or c) the non parametric p-value was <0.06. Note that (a) and (b) are almost identical screening criteria.
Multivariate analyses. Using group (cancer or non-cancer) as the outcome and the potential markers from either method from the screening, a stepwise logistic regression analysis was used to identify a final set of markers. Although a classification tree (CART-recursive partitioning) analysis was also carried out, the results were not helpful and are not reported. A cancer score was computed using the marker logit score (the linear combination of the final set of markers that best separated the two groups) and a receiver operator characteristic analysis (ROC) was performed to determine the nominal sensitivity and specificity of the score (and thus the nominal sensitivity and specificity of the combined final markers). The nominal sensitivity and specificity values from the ROC analysis that maximize accuracy are reported, where accuracy is defined as the sum of the sensitivity and specificity divided by 2 [accuracy = (sensitivity + specificity)/2].
Protein fractionation. NAF aliquots (30-100 μl) were mixed with cold 80% acetone (-20˚C, 1 ml), incubated (1 h, -20˚C) then centrifuged (20,000 x g, RT, 2 min). The resulting supernatant was removed. The pellet was re-dissolved in 60 μl of 90% formic acid, and 20 μl was injected onto an HPLC column (PLRP/S, 300 Å, 3 μm, 150x2.1 mm, Polymer Labs) equilibrated in 95% buffer A (0.1% TFA in water) and 5% buffer B (acetonitrile/isopropanol/TFA, 50/50/0.05 v/v). The column was eluted (25 μl/min) with an increasing concentration of buffer B (min/% B: 0/5, 5/5, 30/40, 150/100) at 40˚C. The eluant was passed through a 280-nm UV detector and then a flow splitter. A portion (20-40%) of the eluant was directed to an Ion Spray™ source attached to a triple quadrupole mass spectrometer (Perkin-Elmer Sciex API III + ) operating in the MS mode (scan range m/z 600-2,300, step size 0.3 Da, 6.08 sec/scan, orifice ramped between 60-120 V). The remainder of the eluent was collected in 1-min fractions. Selected fractions were also screened by SELDI-TOF and in some instances by MALDI-TOF (Applied Biosystems DE STR) using sinapinic acid matrix.
Protein identification. Aliquots (10 μl) of selected fractions were first treated with dithiothreitol (10 mM in 50 mM ammonium bicarbonate, 15 μl, 1 h, 37˚C), then iodoacetamide (50 mM in 50 mM ammonium bicarbonate, 15 μl, 1 h, 37˚C), then with trypsin (Promega sequencing grade, 12.5 μl, 6 ng/μl in 50 mM ammonium bicarbonate, 3 h, 37˚C). Finally the samples were dried by centrifugal evaporation and re-dissolved in 5 μl of 70% acetic acid before injection onto a microbore polymeric reverse phase HPLC column (PLRP/S, 5 μm, 300 Å, 0.2x150 mm, Michrom Bioresources) equilibrated in water/ acetonitrile/formic acid (95/5/0.1, v/v) and eluted (1 μl/min) with an increasing concentration of acetonitrile (min/% acetonitrile: 10/5; 50/40; 65/80; 70/80). The column eluant was directed to a nanospray ion source using coated emitter tips at 3.2 kV attached to an ion trap mass spectrometer (LCQ-DECA, ThermoFinnigan, San Jose, CA). Data-dependent acquisition parameters were: survey scan 400-1500 m/z; zoom scan on dominant ion and product ion scan when multiply charged; two MS/MS scans for each parent ion using dynamic exclusion including exclusion of singly charged parent ions. Data sets were screened against human genomic databases of predicted or known open reading frame translations (Sequest™, ThermoFinnigan, San Jose, CA). Significant matches were examined manually to confirm assignments.
Removal of abundant proteins. An albumin and IgG removal kit (Amershan Biosciences AB, Uppsala, Sweden) was used according to the manufacturer's instructions. Briefly 1 μl of NAF was diluted with 10 μl of water to which was added 100 μl of a slurry containing the antibody-coated beads. The sample was incubated at 4˚C for 30 min, interrupted by gentle mixing every 10 min. Controls included substitution of 10 μl of water for the beads. Samples were then centrifuged (15,000 x g, 3 min, 4˚C) and the upper phase was transferred to a clean tube and 1 μl of each was applied to an NP20 ProteinChip for SELDI-TOF analysis.
A hemoglobin removal kit with Ni-NTA magnetic agarose beads was used according to the manufacturer's instructions (Qiagen, Valencia, CA). The beads were washed 3 times with phosphate-buffered saline (10 mM phosphate, 138 mM sodium chloride, 2.7 mM potassium chloride, pH 7.4). One μl of NAF was diluted with 10 μl of water and added to 10 μl of a 50% (v/v) suspension of the washed beads. Control samples included substitution of 10 μl of distilled/deionized water for the bead suspension. Samples were incubated (4˚C, 20 min) with gentle agitation every 5 min. The supernatant was then removed and 1 μl of each was applied to an NP20 ProteinChip for SELDI-TOF analysis.
Results

Accuracy of protein quantification by SELDI-TOF.
In order to determine the feasibility of using SELDI-TOF analysis for quantitatively comparing the differential target protein abundances, we tested the accuracy of protein quantification by SELDI-TOF using three pure proteins, bovine cytochrome C, myoglobin and serum albumin (BSA) (Michrom Biosources). These proteins were aliquoted to 1 nmol/tube, dried and stored at -80˚C until analysis. The samples were re-dissolved in water to different concentrations, then 0.5 μl was mixed with 0.5 μl freshly prepared sinapinic acid solution (20 mg/ml, 70% acetonitrile/0.1% trifluoroacetic acid) and samples were loaded onto NP20 ProteinChip (Ciphergen Biosystems, Fremont, CA). Allocation of specimens on protein chip arrays was randomized, and in triplicate. Samples on chips were allowed to air-dry at room temperature. The SELDI-TOF analysis was performed, the positive ion laser desorption mass spectra were recorded and then processed by baseline subtraction and normalization as described in Materials and methods. The Pearson correlation coefficient (r) was used to measure the agreement between m/z area under the signal versus the amount of protein loaded (Fig. 1) . The data suggests that there is a linear range for pure proteins between 0.05 and 1 pmol. The lowest detection level of pure protein is 0.05 pmol (Table I) .
SELDI-TOF profiling and statistical analysis.
The median SELDI-TOF spectra of NAF from 63 non-cancerous breasts and 38 breasts with invasive cancer revealed a reproducible pattern of peaks in the m/z 5-85 kDa range with apparent differences in relative intensity of signals at several points Figure 1 . Correlation between amount of pure protein loaded and signal intensity by SELDI-TOF. Three pure proteins, cytochrome C, myoglobin and BSA, at various concentrations were quantified by SELDI-TOF as described in Materials and methods and Results. The correlation between area under the signal and the amount of protein loaded was estimated by Pearson correlation coefficient (r). Table I . Limits of detection of pure proteins by SELDI-TOF. ( Fig. 2) . These differences incited hope that a careful statistical comparison of the two data sets could produce an algorithm that could be useful for cancer diagnosis and/or monitoring the progression of the disease.
The AUC and TIC normalization values were shown to be equivalent (Fig. 3) , justifying reporting results for TIC only. This is not surprising since the m/z range is the same for all spectra (m/z 5,000-85,000) and the AUC value approximately equals the mean intensity multiplied by the m/z range, which is the TIC value.
Using normalized spectra, the cluster analysis identified 33 clusters, 12 of which were identified as potential markers (Table II) . The median profile analysis involved the examination of 4,851 bins in which 176 potential markers were found (data not shown). All but two of the 12 potential markers identified by the cluster method (61,229, 66,727) were also identified by the median profile method. For each of the 178 potential markers, the accuracy of each one individually ranged from a high of 71% to a low of only 53%. A subset of 14 of the 178 (2+176) potential markers (Table III) (Table IV) and were all significant with conditional p<0.07.
The composite cancer score based on these eight markers selected by the logistic regression is given by the equation: cancer score = 1.73 + 0.142 M5061 + 0.487 M5994 -0.491 M6001 -0.307 M10207 -0.777 M13070 + 2.502 M13436 -2.714 M13447 -2.516 M5707, where, for example, M5061 denotes the normalized intensity value at m/z 5061. A positive regression weight implies that, controlling for the other markers in the equation, the conditional marker intensity is higher in the cancer group compared to the non-cancer and thus an excess is associated with an increase in cancer risk. A negative weight implies that the intensity is reduced in the cancer group and is therefore associated with a decrease in cancer risk. While the eight markers chosen by logistic regression in Table IV do not coincide exactly with the 14 markers with highest individual accuracy in Table III , adjacent markers tend to have high correlations with each other and may be partial proxies. For example, while m/z 5,363 is the best individual marker, the correlation of m/z 5,363 with a linear combination of m/z 5,061 and m/z 5,994 from the logistic model is r=0.71. The logistic model is designed to find a set of less redundant (low correlated) markers that can be used simultaneously, not individually, to discriminate cancer from non-cancer even if they are not the best individual discriminators.
The median cancer score based on the above equation in the 38 invasive tumor cancer patients was 0.50 and ranged from -2.5 to 3.9. The median score in the 63 non-cancer patients was -1.16 and ranged from -24.8 to 2.0 (p<0.001). While the median is distinctly lower in the non-cancer group, there is still an overlap in their ranges. Using this score to distinguish cancer from non-cancer, the nominal sensitivity was 24/38 (63%) and the nominal specificity was 56/63 (89%) corresponding to an unweighted accuracy of (63%+89%)/2=76%. The ROC curve area was 0.825. While sensitivity decreases when specificity increases for different score thresholds, the ROC statistic is invariant regardless of what score threshold is used. Table II . Clusters identified by peak cluster analysis of 101 SELDI spectra. 
-------------------------------------------------Cluster no. m/z Minimum m/z Maximum m/z -------------------------------------------------
------------------------------------------------
A cluster was retained when ≥10% of the 101 spectra contributed a peak; a potential marker.
-------------------------------------------------
Protein identification. Identification of proteins by SELDI-TOF molecular weight measurements is impossible for at least two reasons. Firstly, the large error in the measurement (±0.2% of the molecular weight) precludes use as an effective screen of lists of protein molecular weights. Secondly, coincidence between calculated molecular weights, derived from amino acid or nucleotide sequences, and measured molecular weights is rare, particularly in eukaryotes because of the frequent occurrence of post-translational modifications (14) . Thus reverse-phase chromatography was used to separate NAF proteins. This generated partially purified fractions for protein identification. These fractions were first screened by SELDI-TOF (and MALDI-TOF) so the SELDI-TOF signals from unfractionated NAF could be correlated with fractions from the reverse phase chromatograms. The partially purified samples were treated with a thiol reductant, then an alkylating reagent to block free thiol groups, followed by trypsin digestion, and the resulting mixtures were analyzed by μlC/MS/MS. Proteins were identified by the presence of two or more tryptic peptides with the exception of alipoprotein A-I and A-II that were identified by the presence of a single tryptic peptide. Based on the proteins identified in these experiments, and other experiments where unfractionated NAF was reduced, alkylated and digested prior to analysis by μlC/MS/MS (data not shown), we have compiled a list representing the most abundant proteins detected in NAF (Table V) . The intact masses of these proteins were then matched to the potential biomarker m/z values, taking into account the propensity of some proteins to form multiply charged ions as well as noncovalent aggregates (for example protonated dimeric and trimeric ions) during laser desorption. Thus potential biomarkers were given the following tentative identifications (Table V) Protein depletion. A confirmational step was taken to verify that the prominent proteins identified by μLC/MS/MS coincided with the SELDI-TOF peaks seen in the spectra from unfractionated NAF. This was done using an immunoprecipitation method to remove specific proteins from the samples. Following depletion of albumin, NAF was re-analyzed by SELDI-TOF and the resulting spectra were compared to that from the non-depleted control. The m/z peaks at 66,727, 47714, 33,230, and 22630 were no longer detected in the albumin-depleted sample (Fig. 4A) . The assignment of all these signals to albumin at different charge states was thus confirmed; the signals at m/z 22629.7, 33229.9 and 47713.9 are attributed to pentuply and doubly charged molecule and a Table III . Individual markers with an accuracy ≥66% (univariate).
- Table IV . Simultaneously significant markers from 178 candidate markers (multivariate). 
----------------------------------------------------------------------------------------------------
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-------------------------------------------------Marker Regression p-value Individual Individual
(m/z) weight sensitivity specificity (%) (%) ------------------------------------------------- 5061
------------------------------------------------
triply-charged dimer, respectively. Similarly, hemoglobin depleted and non-depleted NAF samples were prepared and analyzed by SELDI-TOF. The peaks at m/z 15,154 and 15,593 were significantly reduced, and the peaks at m/z 7,582, 7,949, 30,192, 30,891 and 31,720 were absent from the spectrum of the depleted sample (Fig. 4B) . Thus the SELDI-TOF peaks at m/z 7,582 and 7,949 were assigned as the doubly charged hemoglobin ions, and the signals at m/z 30,192, 30,891 and 31,720 were assigned as the ·/·-dimer, ·/ß-heterodimer, and ß/ß-dimer, respectively.
Discussion
A vigorous search for body fluid biomarkers that discriminate between diseased and non-diseased state has been precipitated by the development of analytical methods for comprehensively Table V . Summary of proteins identified in NAF.
The main protein of plasma, has a good binding capacity for water, Ca 2+ , Na + , K + , fatty acids, hormones, bilirubin and drugs. Involved in the regulation of the colloidal osmotic pressure of blood. Actin, alpha skeletal P68133 Expressed in pathological conditions of the mammary gland and in several exocrine tissues, protein a such as the lacrimal, salivary, and sweat glands. Induced by prolactin and androgen; inhibited by estrogen. Zinc-·2-glycoprotein a P25311 c Found in blood plasma, seminal plasma, urine, saliva, sweat, epithelial cells of various human glands, and liver. Stimulates lipid degradation in adipocytes and causes the extensive fat losses associated with some advanced cancers.
Inhibitor of serine proteases. Its primary target is elastase, but it also has a moderate affinity for plasmin and thrombin.
Known to be secreted and plasmatic; b cellular leakage proteins known to be in plasma; c protein identified in a benign NAF; d protein identified in NAF with invasive tumor present.
-
displaying protein and peptide patterns in one and twodimensional formats. The simplest approach to this search has been taken here with a direct examination of unfractionated NAF by SELDI-TOF to seek markers or a combination of biomarkers that can discriminate between cancerous and noncancerous breasts. Measurement of three pure proteins by SELDI-TOF analysis suggested a linear quantitative feature, although the detection level and linear range of proteins in serum or other complex specimens is likely to be more complicated. The mass spectra from NAF specimens reveal a complex but reproducible pattern of peaks with qualitative differences between the non-cancer and invasive cancer groups. A special form of statistical analysis has been developed to interpret the results (15) and to produce a statistic (cancer score) based on a linear combination of signals and their intensities that best distinguishes between cancer and non-cancer. The result is promising in that a sensitivity of 63% and specificity of 89% can be assigned to this score at the current state of development of the algorithm.
While not yet clinically useful, this procedure appears to hold promise for cancer screening and warrants further investigation and refinement.
NAF is a secretion from the mammary gland that can be collected in a painless, non-invasive out-patient clinical setting. The fluid is derived from the apocrine and merocrine gland-like lobular-ductal system of the breast, which secretes many of the proteins found in milk, including albumin, complement factors and immunoglobulins (16) . NAF from cancerous breast may contain secretion unique to cancer cells. Furthermore, NAF may also contain a small number of cancer cells and these cells would be presumably lysed when frozen NAF is thawed. Thus the fluid may contain the cytosolic components of the lysed cells and their membranous fragments. It is reasonable to expect that NAF from a cancerous breast will contain some of the cellular components and secreted proteins of malignant cells in greater relative abundance than these components present in the circulation. In this respect, NAF represents an important source of body fluids for breast cancer biomarker discovery. However, proteomic analysis of NAF has several technical challenges. First, the volume of fluid that can be collected is small and variable (typically 1-10 μl). Second, the protein content ranges widely between 1-90 mg/ml (Bradford protein assay, BSA standard, average 60 mg/ml, data not shown). Lastly, the large variation in fluid viscosity is attributable at least in part to the rich but variable lipid content. Nevertheless, SELDI-TOF spectra of diluted, unfractionated samples can be easily and quickly collected.
However, the processing of multiple SELDI-TOF raw data files, and comparisons between files and groups of files, is an even more complex issue. This involves several interrelated issues, and the currently available software programs for data manipulation proceed through noise estimation, baseline correction and peak finding steps, etc., in a sequence that marginalizes their utility for making global distinctions between two sets of spectra (10) . As yet there is no universal generally accepted agreement regarding how to best normalize mass spectra intensity values for the purposes relevant here. Another major concern is whether peak heights either before or after normalization accurately reflect the protein concentration in the applied sample, i.e. whether the SELDI-TOF intensities are quantitative. Improvement in the quantitative nature of SELDI-TOF spectra is an important parameter that would strengthen the utility of this approach and possibly bring the sensitivity and specificity of the cancer screening algorithm to within a clinically useful range.
Both hierarchical and k mean clustering approaches have been previously used for the selection of uniform and nonuniform bins. These different methods yield non-identical results. There is also no apparent consensus on what percentage of the samples must have a peak in a given cluster in order for there to be a useful amount of discrimination. Furthermore, examination of the current data shows that the distribution of intensity values for a given m/z cluster within a given group is skewed. Thus summarization with medians and the use of non-parametric methods are probably more appropriate than summarizing with means and using parametric approaches.
The sensitivities and specificities given in this report are nominal since they have not been validated in another dataset from the same population, or by any statistical validation procedure based on re-sampling. We suspect that our sample size, while appreciable, may still be inadequate. The nominal accuracy is still only 76% at best showing that there is still substantial misclassification with these 8 markers. Assuming that there actually do exist markers in NAF that distinguish cancer from non-cancer, the modest accuracy reported here may be in part due to lumping persons from different populations into the same group. Ongoing work will incorporate covariate information such as age, tumor size, ER/PR status and treatment exposure into the analyses in attempts to reduce heterogeneity within each group.
Four studies have previously reported on the utility of SELDI-TOF analysis of NAF to distinguish between patients with and without breast cancer (7, 9, 12, 17) . Most importantly, Sauter et al (9) found signals at m/z 6,500, 15,940, 28,100 and 31,770 Da in a high percentage of samples from breast cancer patients, but in a low percentage of samples from control subjects. Subsequently, protein identification was achieved by an immunoprecipitation approach. This showed that masses 8,000, 15,900, and 31,770 were attributable to ß-hemoglobin. Disappointingly, in this follow-up study, the other signals ear-marked as of-interest in the first study, were not found to be associated with cancer. Pawlik et al (17) studied paired NAF samples from 23 women and NAF samples from healthy volunteers. In breast cancer patients, no differences in NAF SELDI signals were identified between the breast with the tumor and the contralateral non-cancerous breast. But differences were observed when spectra from the non-cancerous bearing breast of the breast cancer patients were compared with spectra from breast of healthy volunteers. These studies highlight the difficulties involved in ear-marking potential breast cancer markers and then identifying the responsible proteins.
While the goal of this work is to identify a marker or suite of markers that are useful for disease diagnosis, it is also important that the proteins of interest be identified (7, 9, 12, 17) . Off-line chromatographic purification followed by μlC/MS/MS analysis on partially purified fractions was used to match predicted characteristics of entries in the databases with observed MS and MS/MS spectra using the Sequest software package. This resulted in the identification of 17 proteins. Of these, seven have been previously reported to be altered in NAF, serum or tumor tissue from women with breast cancer. Some of the NAF proteins are known blood components. Whether these arise from blood or are true NAF constituents is irrelevant, however, in terms of the goal of the biomarker discovery project (18) . Plasma antitrypsin was previously reported to be elevated in subjects with several types of cancer, with a significant increase in breast cancer (19) . Serum levels of apolipoprotein A-I have been reported to be significantly higher in women with cancer recurrence than in women without cancer recurrence (20) . Apolipoprotein A-II has been associated with breast cancer, but it does not correlate with the recurrence of cancer (20) . Apolipoprotein D is present in benign and cancerous NAF, but the level of this protein has been reported to be higher in women without cancer than in women with cancer (21) , although a recent study failed to replicate this finding (18) . Overexpression of clusterin has been associated with breast carcinoma (22) . Zinc-·2-glycoprotein levels in NAF has been reported to be higher in samples from pre-menopausal but not from menopausal women with breast cancer (18) . Prolactin induced protein was reported to be lower in NAF from cancerous samples than in samples from breasts without cancer (18) . Importantly, a strength of the methods employed here lies in the use of a combination of protein signals to discriminate between samples from cancerous and non-cancerous breasts. This represents a logical progression and evolution of the biomarker discovery strategy beyond the use of single biomarker entities.
It is likely that only abundant to moderately abundant proteins will be detected by SELDI-TOF analysis of unfractionated NAF (16, 18) . This problem is shared by all proteomic biomarker screening strategies. The need to access displays of the less abundant sample components emerged with the realization that perhaps the most important information may lie with cell signaling and transcription factors that are present in low intracellular concentrations and in even lower concentrations in body fluids. This need has resulted in the development of antibody-based procedures for removal of the major components. While the application of these procedures poses the risk of simultaneous loss of bound components, their application to NAF analysis is a logical step and will be pursued as this research progresses. In the present study these procedures were used to confirm the identity of some of the major SELDI-TOF signals. Thus some of the strong signals in the SELDI-TOF spectra were shown to be attributable to albumin at various charge and dimerization states and ·-and ß-hemoglobins in various oligomerization states.
